Consistent with the presence of GST-␤ in TFIIIB, the 1998). Despite this progress, it is evident that in general casein kinase in TFIIIB obtained at the fourth chromatothe signaling functions of CK2 remain poorly defined graphic step of purification (Cibacron Blue) was found (Glover, 1998; Guerra and Issinger, 1999).
Introduction
Active CK2 Is Associated with TFIIIB TBP stably interacts with numerous proteins involved Protein kinase CK2 (or casein kinase II) is a Ser/Thr/Tyrin transcription, and CK2 regulatory subunits tightly bind directed enzyme expressed in all eukaryotes (Allende to some of its substrates (Lee and Young, 1998; Guerra and Allende, 1995; Pinna and Meggio, 1997). It typically and Issinger, 1999). We therefore tested if the ␤ regulaexists as a heterotetramer of homologous catalytic subtory subunit of CK2 (Ckb1p) is associated with TFIIIB units, ␣ and ␣Ј, tightly associated with two regulatory by monitoring the chromatographic behavior of TBP, subunits: either two copies of the ␤ protein, or one copy Brf1p, and CK2␤ during TFIIIB purification. Chromoeach of ␤ and its close relative ␤Ј. A long history of somal ckb1⌬ strains expressing GST or GST-tagged study (CK2 was perhaps the first known protein kinase; CK2␤ in a plasmid vector were used for this experiment. Dobrowolska et al., 1999) has pointed to important funcAs expected from the diverse functions attributed to tions for CK2 in cellular regulation. It is required for CK2 and its known interactions with multiple proteins, the proliferation of yeast, worm, and mammalian cells the bulk of CK2␤ and enzyme activity fractionate away (Hanna et Consistent with the presence of GST-␤ in TFIIIB, the 1998). Despite this progress, it is evident that in general casein kinase in TFIIIB obtained at the fourth chromatothe signaling functions of CK2 remain poorly defined graphic step of purification (Cibacron Blue) was found (Glover, 1998; Guerra and Issinger, 1999) .
to have the biochemical properties CK2. TFIIIB was isoOne important signaling role of CK2 may be its regulalated from strain CKA2 (cka1⌬ CKA2 however, has lower transcriptional activity than the wildyeast strains expressing GST, or the respective endogenous proteins and GST-tagged versions of ␣Ј, ␤, and type factor ( Figure 1E, lanes 3-8) . A GTP-dependent enzyme that phosphorylates both endogenous sub-␤Ј (Ckb2p). Immunoblotting of lysates revealed similar expression levels of the tagged CK2 subunits and higher strates (not shown) and added casein was readily detected in TFIIIB from CKA1 CKA2 (not shown) and cka1⌬ GST expression (Figure 2A, lanes 1-4) . As expected, Brf1p was present in TBP complexes isolated from these CKA2 cells ( Figure 1F, lane 3) . Kinase activity was inhibited by a peptide used to assay conventional CK2 and lysates (data not shown). GST-␤, GST-␤Ј, and GST-␣Ј were also readily detectable in TBP immune complexes, heparin, a classical CK2 inhibitor ( Figure 1F, lanes 4-7) ; excess unlabeled GTP was also inhibitory in reactions while GST alone was not ( Figure 2A, lanes 5-10) . A TBPassociated, GTP-dependent kinase that could phosusing labeled ATP (not shown). Since CK2 is the only protein kinase known to have these properties, TFIIIB phorylate exogenous casein ( Figure 2B , lanes 4, 5) and recombinant TBP ( Figure 2C ) was also detectable in phosphotransferase activity is likely due to CK2. This idea was supported by the observation that TFIIIB-asso-TBP immune complexes from wild-type cells. Kinase activity was not present in cka2 ts immune complexes, ciated kinase activity is repressed in TFIIIB from cka2 ts cells ( Figure 1F, lane 2) . Based upon the above results, and was highly sensitive to competitor peptide substrate and heparin ( Figure 2B, lanes 6-11) . Collectively, the we propose that a subpopulation of active CK2 molecules is specifically associated with chromatographidata demonstrate that enzymatically active CK2 is associated with TBP in vivo as a component of TFIIIB. cally purified TFIIIB.
Further evidence for association of CK2 with TFIIIB CK2 regulatory subunits directly interact with some substrates and in part dictate the enzyme's substrate was sought by probing TBP immune complexes for the presence of CK2 subunits. In this instance, we used specificity in vitro. We therefore examined the interac- tion of in vitro-labeled ␤ and ␤Ј with TBP. Significant the preinitiation complex ( Figure 3A) . TFIIIB from wildtype cells readily formed a "heparin-resistant" IIIB-DNA retention of ␤ but not ␤Ј on a TBP-affinity matrix was evident ( Figure 2D, lanes 4-9) . Furthermore, the activity complex ( Figure Mixing experiments further suggested that transcrip- tional repression was not due to a dominant inhibitor in expressing GST-tagged CK2 subunits (strains as in Figure 2) . The overall expression level of tagged CK2 sub-MMS-treated extracts (not shown).
We used factors purified from untreated cells in an units was unchanged after UV irradiation ( Figure 6A , 'Lysate') and MMS exposure (not shown). While there attempt to reconstitute transcription in MMS-treated extract. TFIIIB fully restored transcription in MMS-treated is no change in GST-␤ or GST-␤Ј recovery following UV irradiation ( Figure 6A, lanes 3, 4, 8, 9 ), the recovery of extract ( Figure 5C ). In contrast, a fraction containing pol III and TFIIIC but not TFIIIB was inactive ( Figure 5D ).
GST-␣Ј in TBP immune complexes declines to the baseline level represented by nonspecific binding of GST-␣Ј Collectively, these results indicate that TFIIIB is specifically downregulated in response to DNA damage. Since to Protein A Sepharose beads ( Figure 6A, lanes 13-16) , and TBP-associated kinase activity is reduced (Figure a single purified factor fully rescues transcription in MMS-treated extract, we conclude that transcriptional 6B; a similar result is obtained using MMS, see Figure  6C ). The dissociation of the catalytic subunit from TBP repression in vivo in response to genotoxic stress is not a result of general cytolysis. Consistent with the notion complexes following DNA damage, with a concomitant decrease in TBP-associated CK2 activity, is a plausible that a CK2-dependent effect on TFIIIB underlies the downregulation of transcription by MMS, CK2 holoenmolecular mechanism for the DNA damage-dependent repression of pol III transcription. zyme purified from control cells stimulated tRNA transcription in MMS-treated extracts ( Figure 5E ). CK2, however, even in larger amounts than shown, has only a DNA Damage-Induced Transcriptional Repression modest effect compared to TFIIIB. In this assay, the low In Vivo Requires CK2 and a Potential CK2 activity of CK2 may be the result of its apparent inhibition Phosphoacceptor Site in TBP (up to 95%) when added to crude extracts (Zandomeni To confirm the role of CK2 in genotoxic stress signaling et al., 1986; our unpublished data); the latter effect is to the pol III transcriptional machinery, we monitored possibly due to self-aggregation which reduces CK2 tRNA and 5S rRNA synthesis in wild-type cells and CK2 activity upon its dilution to physiological salt concentraand TBP mutants exposed to UV irradiation. We reations from high-salt storage buffer (Miyata and Yahara, soned that if pol III downregulation in response to DNA 1992). damage involves CK2, then mutations that perturb CK2 function should dampen damage-induced transcriptional repression. As we previously reported, the cka2 lanes 1-5), GST-␤ (lanes 6-10) , and GST-␣Ј (lanes 11-16). Lysates were prepared after UV irradiation (60 J/m 2 ) and 4 g of each was assayed for expression of GST-CK2 fusion constructs by immunoblotting against GST. Our TBP antibody did not detect TBP in this amount of lysate. Immune complexes were recovered by precipitation using preimmune serum (lanes 5, 10, 15, 16) or anti-TBP antibody (lanes 3, 4, 8, 9, 13, 14) genes. We conclude that CK2 is required for optimal tRNA and rRNA synthesis under benign conditions, and we constructed a strain in which Ser128 was changed to Ala (strain S128A). S128A cells grow slower than wildalso mediates coordinated repression of class I and III gene expression in response to genotoxic stress. More type at 22ЊC, and this difference is accentuated at 37ЊC ( Figure 7C ). S128A and wild-type cells, however, have generally, our results suggest that CK2-mediated coupling of pol I and pol III transcription could play an the same viability at 22ЊC and 37ЊC (not shown) and express TBP at a similar level ( Figure 7C ). Polymerase III important role in the global regulation of protein synthesis. transcription is impaired in S128A cells at the permissive temperature, and it is further repressed after UV irradiation ( Figure 7D, lanes 3, 4; Figure 7E ). Importantly, howDiscussion ever, the fold of repression of pol III transcription in response to DNA damage is dampened in S128A mutant Our data provide insights into the DNA damage response and the role of CK2 in intracellular signaling. We compared to wild-type cells ( Figure 7D, lanes 3, 4 compared to 1, 2; Figure 7E ). Like the S128A mutant, and in establish that coordinate downregulation of rRNA and tRNA synthesis is a hallmark of the DNA damage reagreement with a previous report, the P65S mutant of TBP is defective in pol III transcription (Schultz et al., sponse in yeast. Additionally, we characterize a signaling function of CK2 that makes a major contribution to 1992), yet unlike S128A, it maintains a fold of repression the repression of pol III transcription in response to DNA damage. Consistent with this finding, CK2 has previously been implicated in the DNA damage response. Thus, ckb2 null cells have a subtle UV sensitivity phenotype (Bidwai et al., 1995) , similar to that conferred by the rad5-535 allele (Fan et al., 1996) , and mutations in ckb1 and ckb2 also impair adaptation of cells to the G2/M double strand break checkpoint (Toczyski et al., 1997).
Why Repress Pol III Transcription in Response to DNA Damage? CK2-mediated pol III repression could serve three functions in cells with DNA damage. Toczyski et al. (1997) suggested that CK2 is important in the adaptation response to genotoxic stress because it plays a critical role in enhancing survival during checkpoint arrest. By extension, one function of CK2-mediated pol III (and pol I) repression in cells subjected to genotoxic stress could be to divert cellular resources from the energetically costly process of transcription to DNA repair and other processes required to maintain viability while the damage is repaired.
Two possible functions are more proximally related to the DNA damage events. In yeast, DNA repair is inhibited by pol III transcription, perhaps because elongating polymerase obstructs the repair machinery (Aboussekhra and Thoma, 1998). It follows that CK2-signaled repression of pol III transcription might be important in the DNA damage response because this repression ensures adequate access of the repair machinery to damaged DNA. Finally, we do not rule out a role for tRNA/rRNA downregulation in establishment of DNA damage checkpoints. Translational capacity will decrease in vivo when these RNAs are depleted in response to genotoxic stress, perhaps to levels at which key cell cycle regulators are not synthesized in sufficient amounts to promote cell cycle progression (Neufeld and Edgar, 1998; Polymenis and Schmidt, 1999). In this respect, it is noteworthy that CK2 has been implicated in the regulation of translation and G1/S and G2/M progression (Hanna et al., 1995) . Besides its downregulation functioning to repress pol III transcription in response to DNA damage, we presume that reactivation of CK2 after damage repair 
